Abstract: Estimation of runoff is vital forplanning activities in relation to integrated watershed management and flood protection measures. This research was conducted at one of the catchments in Abbay River (upper Blue Nile River) basin to assess the applicabilityof the Hydrologic Engineering Centre Hydrological Modelling Software (HEC-HMS) modelfor simulation of runoff. It was aimed at selecting the best loss and transform methods in the model, as well as testing the applicability of the calibrated model to ungauged watersheds. Two loss methods such as soil conservation service (SCS) and initial and constant methods with two transform methods including SCS and Clark unit hydrographs were considered in the study for selecting the best combinations applicable in the area. While comparing the simulation results of each combination, better results were obtained in the model set containing the initial and constant loss method and SCS unit hydrograph with a Nash-Sutcliff Efficiency (NSE) of 82.8%, R 2 of 0.83, and 10.71% of relative bias errors, followed by initial and constant with Clarks unit hydrograph, and it can be used for similar ungauged watersheds.
Introduction
An adequate knowledge of runoff within a given catchment is important for the planning and designing of many water resources development and related projects. An actual estimation of runoff volume and peaks is also important for planning different interventions in integrated watershed management and many flood protectionprojects [1, 2] . The tasks in relation to estimation runoff volumes and flood peaks can be, however, easily simplified by adopting a modelling concept understanding rainfall partitioning and the principal factors triggering runoff [3] [4] [5] . The rainfall-runoff modelling approach is most frequently used in hydrology for estimating the runoff signal which leaves the catchment from the rainfall signal received by the basin [6, 7] . Different techniques of the hydrologic modelling approach have been so far adopted in different studies, with some of them focused on an empiricalbasis and other modelling approaches based on the distributed modelling concept [1, 8] . The type of the modelling approach normally depends on the purposes, data availability, and ease of use [9, 10] .
Measurement of all parameters affecting catchmentrunoff is impossible, especially for remote catchments. It is thus imperative to choose a suitable model with a simple structure, minimum input data requirements, and a reasonable precision [1, [10] [11] [12] . Considering the lack of sufficient data on one hand and the complexity of hydrological systems on the other, a lot of computer-based hydrological models have been developed, such as Soil Water & Assessment Tool (SWAT), Hydrologic Engineering Center-Hydrologic Modeling System (HEC-HMS), Topography based hydrological model (TOPMODEL), The Water Erosion Prediction Project (WEPP) Model, and Annualized Non Point Source Pollution Model (AnnAGNPS) [13] [14] [15] .Those models were developed based on different situations of data availability and ease of complexity. HEC-HMS is one of those models significantly used in different parts of the world for estimating runoff by considering different modelling approaches, in which both lumped and distributed modelling approaches and concepts are embedded in the programme [16, 17] .HEC-HMS is hydrological modelling software developed by the US Army Corps of Engineers Hydrologic Engineering Centre (HEC), which is designed to simulate the precipitation runoff processes within a wide range of geographic areas, such as large river basins and small urban or natural watersheds [17, 18] . Because of its ability in the simulation of runoff both in short and long time events, ease to use, and use of common methods, HEC-HMS has become very popular and been adopted in many hydrological studiesin relation to the simulation of runoff volume in integrated water resources and watershed management projects and for estimating flood peaks in flood forecasting, irrespective of the size of the catchment [12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . A special extension programme of the HEC-GeoHMS in ArcGIS has been applied in some of the studies and allowed researchers to generate relevant spatial data in relation to terrain characteristics which cloud be used as input data for HEC-HMS mode [2, 12, 21, [24] [25] [26] [27] [28] [29] [30] . After appropriate calibration and validation tasks in each selected loss, transform methods, and routing reaches in the HEC-HMS programme, reasonable and reliable simulation results of runoff volume and peak values were obtained as compared to observational data in all the studies. It is, however, clearly indicated that the results of the model were location specific in that different combinations of a model set containing the loss methods, runoff transform methods, and base flow separation techniques were found to respond variably in simulating the basic components of runoff hydrographs in various studies. According to the study by Oleyibl et al. [2] , for example, credible results were obtained by usinginitial and constant as the loss method, a Soil Conservation Services (SCS) unit hydrograph as the transform method, and the exponential recession model as a base separation model, whereas Halwatura and Najjim [18] obtained better simulation results from the combination of deficit constant loss methods and Snyder Unit Hydrograph, and a combination of the modified SCS loss method, Clarks unit hydrograph, and recession model in the study by Azam et al. [30] .
Though huge tasks made for testing and calibrating the HEC-HMS on a global scale, little effort has been made in the context of Ethiopian catchments [31] . Abbay River basin is a significant part of Ethiopia, covering an area of 199,812 km 2 . Due to extensive agricultural practices and unpredicted flood events in the basin, it has been seriously affected by land degradation and flood problems, especially in the lowlands [32] . This study isconducted in one of the catchments at Abbay River (upper Blue Nile River) in Northwest Ethiopia. An accurate estimation of runoff in volume and peak values for the corresponding rainfall occurrence is critically important for designing appropriateintegrated watershed managementactivities and taking appropriate flood protection measures in time, as described earlier. This study aimed to assess the runoff potential using a spatial distributed hydrological model in the targeted area.
This study is primarily conducted to test the applicability of the HEC-HMS model through selecting the best combinations of the loss and transform methods applicable to the targeted catchment. The study also aimed at fixing the corresponding calibrated values of those sensitive parameters in the selected loss and transform methods and characterizing the basic parameters of the catchment for further and future hydrological investigations in similar catchments and other nearby un-gauged catchments in the basin.
Study Area and Methods

Description of Study Area
The targeted catchment (Angreb sub basin) selected for this study is found within Abbay river basin in Northwest Ethiopia, and covers a total area of about 55 km 2 ( Figure 1) . Geographically, the sub-basin is found between 12 • 37 49" N and 12 • 43 29" N latitude and 37 • 25 38" E and 37 • 30 52" E longitude. The annual rainfall of the sub-basin ranges from 700 mm to 1900 mm, with a mean annual rainfall value of about 1150 mm. Besides, the sub-basin has a mean maximum temperature of 29 • C and minimum temperature of 10 • C.
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Description of Study Area
The targeted catchment (Angreb sub basin) selected for this study is found within Abbay river basin in Northwest Ethiopia, and covers a total area of about 55 km 2 ( Figure 1) . Geographically, the sub-basin is found between 12°37′49″ N and 12°43′29″ N latitude and 37°25′38″ E and 37°30′52″ E longitude. The annual rainfall of the sub-basin ranges from 700 mm to 1900 mm, with a mean annual rainfall value of about 1150 mm. Besides, the sub-basin has a mean maximum temperature of 29 °C and minimum temperature of 10 °C. 
Data Collection
Rainfall Data
The rainfall data is the basic input data for any hydrological modelling study, including HEC-HMS. The rainfall data for the two nearby stations were collected from the national meteorological agency of Ethiopia.
Discharge Data
Calibration and validation tasks are fundamental operations in many modelling studies, including hydrological studies [6, 9, 10, 21, 28] . Hydrological models basically need a series of runoff data for model calibration and validation purposes [20, 30, 33] .The runoff data for this study (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) was taken from the Ethiopian Ministry of Water, Irrigation and Electricity and implemented while calibrating the parameters in the HEC-HMS model. 
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Discharge Data
Calibration and validation tasks are fundamental operations in many modelling studies, including hydrological studies [6, 9, 10, 21, 28] . Hydrological models basically need a series of runoff data for model calibration and validation purposes [20, 30, 33] .The runoff data for this study (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) was taken from the Ethiopian Ministry of Water, Irrigation and Electricity and implemented while calibrating the parameters in the HEC-HMS model.
DEM Data Processing Using HEC-GeoHMS Tool in ArcGIS Programme
A 30 × 30 m resolution DEM (digital elevation model) of the targeted catchment from the US Geological Survey was used for extracting relevant basic information on physiographic characteristics of the catchment, including elevation and slope information (Figure 2 ). The DEMs data were further processed using the geographic information system (GIS) interface of the HEC-GeoHMS model in an ArcGIS programme. Terrain pre-processing and basin processing tools were used to generate basin characteristic parameters and input files for HEC-HMS including a stream network, sub-basin boundaries, and the connectivity of various hydrologic elements. (Figure 2 ). The DEMs data were further processed using the geographic information system (GIS) interface of the HEC-GeoHMS model in an ArcGIS programme. Terrain pre-processing and basin processing tools were used to generate basin characteristic parameters and input files for HEC-HMS including a stream network, sub-basin bounda (a) Elevation map. 
HEC-HMS Mode
HEC-HMS easily operates huge tasks in relation to hydrological studies, including losses, runoff transform, open channel routing, analysis of meteorological data, rainfall-runoff simulation, and parameter estimation [16, 17] . It uses separate models to represent each component of the runoff process, including models that compute runoff volume, models of direct runoff, and models of base flow. For each of the hydrological models, estimation tools have been defined in the programme. The details of model structures and various processes involved are given in the technical reference HEC-HMS manual in Feldman [16] and the user's manual in U.S. Army Corps of Engineers-The Hydrologic Engineering Center (USACE-HEC) [14] . Before running the model, a basin model, a meteorological model, and control specifications were created and defined in advance in this study. The basin model and basin features which derived from HEC-GeoHMS were taken as a background map file and imported to HEC-HMS 3.5. As every sub-basin has no observation station within it, the precipitation values for each sub basin were then estimated by interpolating using the Inverse Distance Weighing (IDW) method with respect to the centroid point of each sub-basin, and both an hourly and daily simulation time step were used while calibrating the parameters of the selected methods in the model.
Loss Methods
The loss models in HEC-HMS normally compute runoff volume by computing the volume of water that is intercepted, infiltrated, stored, evaporated, or transpired, and subtracting it from the precipitation. Around 11 kinds of loss estimation methods are embedded in the programme considering different modelling concepts on the relation of precipitation and runoff trigging factors like soil properties, land covers, canopy cover, etc. In this study, two kinds of loss methods were selected for simulating the runoff volume and peak flood, considering ease of applicability and low data requirement, like Soil Curve Number (SCS Curve Number) and initial and constant loss methods [16] . A detailed description of the modelling concepts and the corresponding equation behind each loss method can be found in the technical reference manual in Feldman [16] and the User's Manual of USACE-HEC [17] .
The Transform Method
The transform prediction models in HEC-HMS simulate the process of the direct runoff of excess precipitation on the watershed, and they transform the precipitation excess into point runoff. The models transform the rainfall excess into direct surface runoff through a unit hydrograph, and the SCS and Clarks unit hydrograph method were used as the transform models in this study. The basic concepts and assumptions behind each unit hydrograph method can be also found in the HEC-HMS technical manual in Feldman [16] . Besides, a Kirpich method shown in Equation (1) and a relation shown in Equation (2) were also jointly applied in this study for estimating the initial values for the time of concentration and lag time in each sub-basin, which were used as input data in the selected transform methods.
where T C is the time of concentration (min), L is the length of the main river (m), and S is the mean slope of the main river (m/m).
where T L is the lag time (min) and T C is the time of concentration.
A Base Flow Separation Method
While the total runoff is transformed into direct runoff, basic information in relation to base flow is required, and a monthly constant base flow separation technique was adopted in this study. In order to separate the overland flow and base flow, a methodology proposed by Chow et al. [34] was used in this study. Using this technique, a line that slopes upwards is drawn from the initial hydrograph rise and extends until it intercepts the hydrograph downward. The hydrographs developed using daily data were then used for undertaking the base flow separation techniques in this study. Besides, the Muskingum routing model was employed to model the reach elements.
Model Calibration and Validation
Sensitive analysis is usually undertaken in most modelling studies [22, 24, 25, 27, 30] . This operation is mainly carried out for selecting the most trigging input factor that affects the output of the model. Both manual and automatic calibration were used in this study, where the manual calibration was undertaken through conducting a sensitive analysis in each simulation on the parameters in the selected methods in each sub-basin through changing their value in the range of ±30% with 5% intervals until the best fit between the observed and simulated parameters in the given hydrograph was obtained. The sensitive parameters were then selected based on their effect on peak discharge and runoff volume and the model calibration task was then later performed using the optimization method. In this study, the selected flood events from 1992 to 1995 were used for model testing and the remaining data from 1996 and 2005 for calibration and validation purposes. Homogeneity and stationarity tests were primarily undertaken in the data setprior to any analysis in this study. The missing data and outliers were then adjusted accordingly for those data sets which did not satisfy the tests. Lastly, statistical evaluation techniques such as the objective function of relative bias errors proposed by Najim et al. [35] , Nash-Sutcliffe Efficiency (NSE) by Nash and Sutclife [36] , and coefficient of determination (R 2 ) as described in Neter et al. [37] were applied to evaluate the performance of the model and the selected loss and transform methods by comparing the relation between the simulated and observed direct runoff values.
Results and Discussion
Physiographic Characteristics of the Catchment
The outlet point of the catchment (the geographical reference point of the hydrological gauging station) was considered in this study to delineate the boundary of the catchment area using the HEC-GeoHMS extension in ArcGIS. Further processing of the DEM using HEC-GeoHMS also resulted in generating four sub-basins, two routing reaches, and the major physiographic characteristics of the catchments, as shown in Figure 3 and Table 1 . 
Simulation Results of The HEC-HMS Model
Using a procedure described in Section 2.3.4 the basin model was created in the HEC-HMS by using four sub-basins and two routing reaches which were imported from the HEC-GeoHMS model. To begin the simulation task, calculated and assumed initial values for the sensitive parameter of the sub-basins shown in Tables 2 and 3 were first used in the HEC-HMS model for simulating the runoff depth and peak discharge for some selected events. 
Using a procedure described in Section 2.3.4 the basin model was created in the HEC-HMS by using four sub-basins and two routing reaches which were imported from the HEC-GeoHMS model. To begin the simulation task, calculated and assumed initial values for the sensitive parameter of the sub-basins shown in Tables 2 and 3 were first used in the HEC-HMS model for simulating the runoff depth and peak discharge for some selected events. In this study, selected flood events that occurred from 1996 to 2000 were used for model calibration, and flood events that occurred between 2001 and 2005 were used for model verification. Figure 4 and Tables 4 and 5 summarize the simulation results of the selected loss methods before calibration and the simulation results after calibration and for validation. Figure 4a shows the runoff hydrograph simulation results of the HEC-HMS model for some selected events before calibration by loss methods and transform models. As indicated in the figure, a difference between the observed and simulated hydrographs is clearly observed in all combinations of loss and transform methods, and underestimated values were obtained both in flood peaks and runoff volume in all simulation run. As shown in Table 4 , higher values for percent errors in total runoff depth were recorded between the simulated and observed value in all simulations before calibration, which falls in the range between 21% and 38%. Table 5 also indicates an objective function for percent errors in peak discharge values for some selected events before and after calibration. As shown in the Table 5a, the percentage of variation ranges from 37.5% to 60.2%, with a mean value of 50.1%; for example, for a model set containing the SCS loss method with Clarks unit hydrographs, respectively. However, according to Najim et al. [35] and Sabzevari et al. [38] , the acceptable ranges of relative percent errors between the observed and simulated values should be below ±20%. In this statistical evaluation criteria, the negative percentage of relative errors indicated under prediction, while the positive values represented over prediction of the simulation outcome. Considering the percentages of relative bias errors found in Table 5a , all the simulation results are almost beyond the allowable limit, and an effort was then made to undertake the sensitive analysis for selecting the sensitive parametersin the selected loss methods, transform models, and routing reach elements. While calibrating the model, it was found that the curve number and the constant loss rate were the most sensitive parameters for the SCS and initial and constant loss methods, respectively. Once selecting the sensitive parameters, the parameters were then calibrated accordingly through adjusting the values of those sensitive parameters using techniques described in Section 2.3.4 until a good agreement between the observed and simulated hydrographs was achieved. The corresponding calibrated values of those parameters are shown in Tables 2 and 3 . With the help of these optimized parameters, the hydrographs were again simulated for selected flow events. Figure 4b ,c indicates the simulation results of the model validation for some selected events after the calibration. As shown in the figures, the hydrographs developed for the selected events indicated relatively close values to the observed hydrograph, both in peak discharge values and runoff volume. As it can also be seenin Tables 4 and 5 , it is found that the optimized values of the sensitive parameters had closer values in terms of total runoff depth and peak discharge values compared to the observed one. As it is also shown in Table 4 , the percentage of errors in total runoff depth for model calibration and validation simulations fell in the acceptable range between 7% and 18% in the simulation, with a relatively lower percentage of errors in the model set containing an initial and constant as a loss method and SCS unit hydrograph as the transform model. Moreover, the mean percentage variation of the peak discharge between the observed and simulated values was found to get reduced to 28.7% and 10.7%; for example, for a model set containing the SCS loss method with Clarks unit hydrograph and initial and constant loss method with SCS unit hydrograph, respectively (Table 5b ). Based on the results of the objective functions of relative bias errors shown in the Tables 4 and 5 , it is possible to conclude that better simulation results were obtained in the model set containing the initial and constant loss method with SCS transform methods followed by a model containing the initial and constant as a loss method withClark unit hydrograph, in which the percentage of each relative bias error in each case was almost found within the acceptable limit, whereas unacceptable values for the remaining set combinations were revealed based on descriptions in the studies by Najim et al. [35] and Sabzevari et al. [38] . simulations fell in the acceptable range between 7% and 18% in the simulation, with a relatively lower percentage of errors in the model set containing an initial and constant as a loss method and SCS unit hydrograph as the transform model. Moreover, the mean percentage variation of the peak discharge between the observed and simulated values was found to get reduced to 28.7% and 10.7%; for example, for a model set containing the SCS loss method with Clarks unit hydrograph and initial and constant loss method with SCS unit hydrograph, respectively (Table 5b ).Based on the results of the objective functions of relative bias errors shown in the Tables 4 and 5 , it is possible to conclude that better simulation results were obtained in the model set containing the initial and constant loss method with SCS transform methods followed by a model containing the initial and constant as a loss method withClark unit hydrograph, in which the percentage of each relative bias error in each case was almost found within the acceptable limit, whereas unacceptable values for the remaining set combinations were revealed based on descriptions in the studies by Najim et al. [35] and Sabzevari et al. [38] . As shown in Figure 5 and Table 6 , a model set containing the initial and constant loss method and SCS unit hydrograph displayeda relatively closer agreement between the observed and simulated discharge values (R 2 = 0.83), followed by a combination of the initial and constant loss method with Clarks unit hydrograph and SCS loss method with SCS unit hydrograph, with R 2 values of 0.742 and 0.698, respectively. Based on the classification range explained in Zou et al. [39] , the coefficients obtained in this study can therefore be considered as highly strong and moderately strong, respectively, whereas the correlation coefficients obtained in the SCS loss method in either of the transform models had relatively low values for the correlation between the simulated and observed discharge values. Better results were also obtained in the Nash-Sutcliffe Efficiency (NSE) criteria by the initial and constant loss method as compared to the SCS loss method, particularly a model set containing initial and constant loss methods with SCS unit hydrograph, which showed better simulations between the estimated and observed values, with an NSE of 82.8% (Table 6 ). As it can be seen in the table, the overall results indicated that better values were obtained in the initial and constant loss method as compared to the SCS loss method, particularly a model set containing initial and constant loss methods with SCS unit hydrograph, which showed better simulations between the estimated and observed values in almost three criteria sets in the study. As shown in Figure 5 and Table 6 , a model set containing the initial and constant loss method and SCS unit hydrograph displayeda relatively closer agreement between the observed and simulated discharge values (R 2 = 0.83), followed by a combination of the initial and constant loss method with Clarks unit hydrograph and SCS loss method with SCS unit hydrograph, with R 2 values of 0.742 and 0.698, respectively. Based on the classification range explained in Zou et al. [39] , the coefficients obtained in this study can therefore be considered as highly strong and moderately strong, respectively, whereas the correlation coefficients obtained in the SCS loss method in either of the transform models had relatively low values for the correlation between the simulated and observed discharge values. Better results were also obtained in the Nash-Sutcliffe Efficiency (NSE) criteria by the initial and constant loss method as compared to the SCS loss method, particularly a model set containing initial and constant loss methods with SCS unit hydrograph, which showed better simulations between the estimated and observed values, with an NSE of 82.8% (Table 6 ). As it can be seen in the table, the overall results indicated that better values were obtained in the initial and constant loss method as compared to the SCS loss method, particularly a model set containing initial and constant loss methods with SCS unit hydrograph, which showed better simulations between the estimated and observed values in almost three criteria sets in the study. 
Discussion
When summarizing the overall simulation results for the events selected for validation, it was foundthat there was a possibility of obtaining a good performance of the HEC-HMS model in predicting both the runoff depth and peak values provided that an appropriate selection in the loss and transform methods is executed. Similar studies by Oleyibl et al. [2] , Majidi and Shahedi [12] , McColl and Aggett [18] , Amengual and Romero [20] , Yusop et al. [21] , Jin et al. [23] , and Arekhi et al. [24] also obtained credible simulation results of peak flood and runoff depth runoff in the HEC-HMS model containing a combination of the selected loss methods and unit hydrograph transform methods. While considering the results of the above three model comparison criteria, the HEC-HMS model set that contained the initial and constant as a loss method and SCS unit hydrograph as a transform method was found to be the best model combination for an effective simulation of both runoff volume and flood peaks in the study area. Besides, based on the results of the three statistical evaluation criteria described earlier obtained in this study, a moderately convincible performance of the HEC-HMS model in simulating the runoff was obtained in this study with the model set combination containing the SCS loss method with the selected transform methods. However, the 
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Overall, it is believed that the result of this study can give basic information on the extent of runoff volume and flood peak generated in the catchment for the corresponding rainfall events, which are in turn important for the planning and designing of appropriate watershed management activities and formulating suitable management strategies for reducing the recurrent problems of soil erosion by water and flood risks in the low lying areas by managing the surface runoff generated in the catchment. It is also believed that the results of this finding can be taken as basic input data for further hydrological investigations in the nearby un-gauged catchments by transferring the values of the calibrated parameters through applying parameter transposing and regionalization techniques described in Jin et al. [11] , Bloschl [33] , and Burn and Boorman [43] . It is finally suggested that the methodology of the study should be adopted to test the HEC-HMS and other related computer-based hydrological models for a coherent simulation of the fundamental components of the runoff hydrograph, and calibration of the basic parameters while applying different rainfall-runoff modelling concepts in similar un-gauged catchments around the world.
Conclusions
The applicability test of the HEC-HMS model was undertaken in a catchment at Abbay River basin. The ArcGIS spatial analysis tool was used to generate spatial data inputs for the model. A DEM analysis of HEC-GeoHMSin ArcGIS provided relevant basic information on basin characteristics of the targeted catchment and the initial calculated values of the parameters for starting the model calibration task. Considering the optimization trail test for parameters in the selected models, it was found that the curve number and constant loss rate were the most sensitive parameters in the study. While considering the overall performance of the HEC-HMS model, it was found that the model showed reasonable results in terms of the percentages of the error objective function, correlation relation, and Nash-Sutcliffe Efficiency, provided that suitable selection in the loss and transform methods adaptable to the area had been undertaken. Based on the results of the selected statistical evaluation criteria, the initial and constant loss method showed a relatively better performance. Simulated flood peaks and total runoff depth values using the SCS loss method were in good agreement with observed values, and the SCS unit hydrograph was a relatively better transforming model compared to the Clark unit hydrograph. It is also suggested that the values of the calibrated parameters are considered for further hydrological investigations in the study catchment and other nearby catchments, in the river basin, and that the methodology is adopted for other ungauged similar catchments around the world. As a remark, investigations in relation to parameter transposing and regionalization, localized determination of the curve numbers, and further applicability tests of the HEC-HMS in the other loss and transform methods in large scale catchments within Abbay River basin and other nearby river basins in Ethiopia are highly appreciated.
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